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Abstract
The U.S. Geological Survey estimated volumes of potential additions to oil and gas reserves for the United States by reserve growth in discovered accumulations. These volumes were derived by using a new methodology developed by the U.S. Geological Survey and reviewed by the American Association of Petroleum Geologists Committee on Resource Evaluation. This methodology was used to assess reserve growth in individual accumulations (reservoirs, groups of reservoirs, or fields). Selected, large, well-studied, conventional accumulations in the United States that are estimated to contribute most to reserve growth were assessed using analysis of geology and engineering practices. Potential additions to oil and gas reserves for large, discovered, conventional accumulations outside of the United States due to reserve growth were assessed using the U.S. accumulations as analogs. Potential oil and gas volumes were assumed to be added to proven plus probable reserves.
The U.S. Geological Survey estimated volumes of technically recoverable, conventional petroleum resources resulting from reserve growth for discovered fields outside the United States that have reported in-place oil and gas volumes of 500 million barrels of oil equivalent or greater. The mean volumes of reserve growth were estimated at 665 billion barrels of crude oil; 1,429 trillion cubic feet of natural gas; and 16 billion barrels of natural gas liquids. These volumes constitute a significant portion of the world's oil and gas resources and represent the potential future growth of current global reserves over time based on better assessment methodology, new technologies, and greater understanding of reservoirs.
Introduction Purpose
The U.S. Geological Survey (USGS) assesses undiscovered conventional and unconventional, technically recoverable oil and gas resources of the United States (excluding Federal Outer Continental Shelf) and the world.
The Bureau of Ocean Energy Management (BOEM) is responsible for the assessment of oil and gas resources of the Federal Outer Continental Shelf. Reserves in discovered conventional accumulations can sometimes increase because of delineation of additional in-place petroleum volumes, improved recovery efficiency, and revisions from recalculation of viable reserves in dynamically changing economic, operating, and regulatory/political conditions ( fig. 1 ). The USGS considers additions to reserves as a resource and, therefore, assesses reserve growth. This report describes the USGS methodology and assessment process for estimating volumes of reserve growth, as well as estimates of reserve growth in accumulations outside of the United States.
The estimates presented in this report were derived using a new method to assess reserve growth in discovered conventional accumulations developed by the USGS (Klett and others, 2011) . This methodology is different from that used in past USGS assessments (Cook, 2013) . Estimates of the distributions of in-place oil and gas and recovery factors in large, well-studied, U.S. accumulations (individual reservoirs, groups of reservoirs, or fields) were used as analogs for the assessment of accumulations outside of the United States. The USGS assessment method was reviewed by the Subcommittee on Growth-to-Known Reserves of the American Association of Petroleum Geologists Committee on Resource Evaluation of the (AAPG CORE) in March 2008 (Appendix 1).
Identified unconventional (continuous) oil and gas accumulations, such as shale gas, tight gas, tight oil, and tar sands, were excluded from this assessment of reserve growth. The USGS assesses unconventional, technically recoverable oil and gas resources using a methodology that is different from that used to assess conventional resources . This methodology to assess unconventional resources includes potential additions to reserves.
In addition to estimating potential additions to reserves in discovered accumulations by reserve growth, the USGS makes estimates of the potential fully developed (grown) sizes of undiscovered conventional accumulations to aid in the estimation of undiscovered oil and gas resources.
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Scope
The recently developed USGS method to assess reserve growth was used to estimate technically recoverable crude oil and natural gas volumes that have the potential to be added to reserves in discovered conventional accumulations under proven technology currently in practice within the trend or play, or which can reasonably be extrapolated from geologically similar trends or plays. These estimates do not assume or include estimates based on the application of speculative future technologies. The assessment methodology estimates future potential additions to reserves using current technology, but not necessarily current economics. No time period was assumed for the estimated reserve growth volumes in this report to take place.
Reserve growth was assessed for oil in oil accumulations and was assessed for nonassociated gas in gas accumulations. Reserve growth of coproducts (associated/dissolved gas and natural gas liquids in oil accumulations, and total liquids in gas accumulations) was calculated based on the volumetric coproduct ratios with the primary commodity (oil or gas) within the accumulation. Only crude oil and nonassociated natural gas that flows to a wellbore (either naturally or upon various production operations) were assessed directly.
Associated and dissolved natural gas and natural gas liquids were assumed to grow by the same ratio as the primary commodity (gas in gas accumulations, oil in oil accumulations).
No attempt was made to estimate economically recoverable resources. Costs and economics of drilling and production operations to promote reserve growth can be analyzed and modeled to provide information on current and future development and production operations; however, these cost data were not included in this study.
Definition of Reserve Growth
Reserve growth is the increase in estimated volumes of oil and natural gas that might be recovered from existing fields and reservoirs through time. Most reserve growth results from delineation of new reservoirs, field extensions, or enhanced recovery techniques that improve efficiency; or from recalculation of reserves due to changing economic and operating conditions ( fig. 1 ). Many accumulations show no growth of reserves and many reserve volumes shrink, however. The term "reserve growth" as used here, is synonymous with "growthto-known," "reserve appreciation," "ultimate recovery appreciation," "field growth," or "reservoir growth," among others. Diagram showing field-development activities that can increase reserves estimates (reserve growth). Reserve growth is defined as increases in successive estimates of recoverable quantities of crude oil, natural gas, and natural gas liquids in discovered conventional accumulations. Reserve growth can be grouped into three activities: (1) delineation of additional in-place petroleum volumes, which increases the degree of geologic assurance (for example, infill drilling; new reservoirs, pools, or pay zones; extensions); (2) improved recovery efficiency, which increases the degree of technological feasibility (for example, enhanced recovery, well stimulation, recompletions, new completions of bypassed zones); and (3) revisions resulting from recalculation of viable reserves in dynamically changing economic, operating, and regulatory/political conditions, which increases the degree of economic feasibility (for example, reevalution of production performance, more efficient operations) (Klett, 2005 
Terminology
Several technical terms are used in this report to describe reserve growth. These terms and their definitions according to the USGS are presented below.
Accumulation is a deposit of crude oil, natural gas, natural gas condensate, and(or) natural gas liquids (NGL) within a field, or reservoir(s) within a field. An accumulation might equate to a single reservoir, group of reservoirs, or an entire field.
Oil accumulations are defined by the ratio of gas to oil as containing less than 20,000 cubic feet of gas per barrel of oil.
Gas accumulations are defined by the ratio of gas to oil as containing 20,000 or more cubic feet of gas per barrel of oil. Gas in this type of accumulation is assumed to be nonassociated gas rather than associated with or dissolved in an oil accumulation.
Conventional accumulations contain oil and(or) gas that are buoyant upon a water column. Conventional accumulations have discrete boundaries typically bounded by dry holes, and usually have relatively good reservoir properties (porosity and permeability) ( fig. 2) .
Unconventional accumulations contain oil and(or) gas that are not buoyant upon a water column. Unconventional accumulations are regional in extent and typically have relatively poor reservoir properties whereby stimulation is required for production ( fig. 2 ).
Resource is a concentration of petroleum in or on the earth's crust, some of which is potentially economically extractable.
Original in-place volume is the volume of crude oil, natural gas, and NGL originally present in the reservoir(s) whether or not they are technically or economically recoverable.
Recoverability or recovery efficiency is the estimated fraction (known as recovery factor) of the original in-place volume that can be extracted.
Cumulative production is the total volume of petroleum that has been extracted.
Remaining reserves are estimated volumes of petroleum that are expected to be commercially recovered, as of a specified date (exclusive of production). Remaining reserves are commonly classified as proved, proved-plus-probable, and proved-plus-probable-plus-possible. Reserves are resources, but resources are not necessarily reserves.
Recoverable volume (reported volumes that are also called field size or accumulation size) is the sum of cumulative production and remaining reserves. Recoverable volume can also be defined as cumulative volumes of oil, gas, and natural gas liquids that might be extracted with known technologies by the end of the development and production process. Reported recoverable volumes are called known recoverable volumes in this paper. 
EXPLANATION

Assessment of Reserve Growth Outside of the United States
The USGS method for calculating reserve growth uses reported estimates of original in-place volumes and recoverability (recovery factors) of accumulations that were individually analyzed. Volumetric data and recovery factors for accumulations outside of the United States are reported for fields as a whole and as single estimates for any given year. Original in-place volumes and recovery factors for accumulations outside the United States were taken from the proprietary IHS (2009) International Exploration and Production Database.
Because recoverable volumes for individual reservoirs were not reported for many fields outside of the United States, the individual accumulation analysis was not used. Data acquired from individually analyzed U.S. accumulations were used as analogs in this study. Studies of 68 large, well-studied oil accumulations and two large, well-studied gas accumulations in the United States provided probability distributions for uncertainty of original in-place volumes and recovery factors for non-U.S. accumulations (table 1) .
The uncertainty ranges of in-place volumes of individually analyzed U.S. oil or gas accumulations were applied to the in-place volumes of oil and gas fields outside of the United States. The probability distributions of recovery factors of the individually analyzed accumulations were used in the calculation of reserve growth. Large oil and gas accumulations, reported at a field level by IHS, are more likely to experience reserve growth, and their respective in-place volumes should be relatively well reported and accurate. Only fields in the IHS (2009) international database having original in-place volumes of 0.5 billion barrels of oil (BBO) or more of oil in oil fields, or 3 trillion cubic feet of gas (TCFG) or more of gas in gas fields were used for this assessment. The in-place and recovery factor distributions were statistically combined using a Monte Carlo simulation for 50,000 iterations. Estimates of future reserve growth are relative to the sum of cumulative production and proven-plus-probable reserves, reported as recoverable volumes, in the database. The results of the Monte Carlo simulation were then aggregated to provide an approximation of reserve growth for the world.
The range of uncertainty of original oil in-place volumes for U.S. oil accumulations ( fig. 3 ), normalized to a central tendency of 1.0, was applied to reported original in-place Table 1 . Table of discovered, conventional accumulations in the U.S. that were individually analyzed in this study, estimated ranges of original in-place volumes (lognormal distribution), estimated ranges of recovery factors (triangular distribution), and reported or estimated coproduct ratios (point values).-Continued [MMBO, million barrels of oil; BCFG, billion cubic feet of gas; CFG/BO, cubic feet of gas per barrel of oil; NGL, natural gas liquids; BO/MMCFG, barrels of oil per million cubic feet of gas; Min., minimum; Med., median; Max., maximum] volumes for oil accumulations and for gas accumulations outside the United States. This distribution ranges from approximately 0.2 to 3.7 and has a mean value of 1.1. A value was randomly selected from this distribution during each Monte Carlo iteration and multiplied times the reported in-place volume of the field, resulting in a probability distribution for in-place volumes. An empirical probability distribution of recovery factors of the 68 U.S. oil accumulations that were assessed by individual accumulation analysis was used as an analog to estimate recovery factors in oil fields outside the United States ( fig. 4 ). This distribution ranges from approximately 0.01 to 0.85 and has a mean value of 0.46. This distribution for U.S.
Oil in oil accumulations
accumulations was based on accumulations with a wide range of reservoirs, oil types, and degrees of development. A uniform probability distribution of gas recovery factors ranging from 0.7 to 0.9 was applied to gas fields outside of the United States. Reported recovery factors for gas fields outside of the United States varied widely, and only two U.S. gas accumulations have been individually analyzed.
Distributions of reserve-growth volumes were calculated for each of the 1,467 oil fields having 500 million barrels of oil equivalents (MMBOE) or more of original in-place oil and 347 of the gas fields having 500 MMBOE or more of original in-place gas outside of the United States. Probability distributions of the original in-place volumes for each field were sampled by Monte Carlo simulation to calculate an overall probability distribution ( fig. 3 ). Complete dependency (perfect positive correlation where the correlation coefficient is 1.0) was assumed among the in-place volumes for all oil and gas fields. Probability distributions of the recovery factors for each of the 1,467 oil fields and 347 of the gas fields outside of the United States were used to calculate an overall probability distribution of recoverability by Monte Carlo simulation (fig. 4) . Complete independence (correlation coefficient of 0) was assumed among the fields because no two fields are developed in the same manner. A. An empirical probability distribution of recovery factors of the 68 U.S. oil accumulations that were assessed using individual accumulation analysis. The recovery factors were used for oil accumulations outside of the United States. This distribution, based on U.S. accumulations, was used because a wide range of reservoirs, oil types, and degrees of development are represented. B. A uniform probability distribution of gasrecovery factors was applied to gas accumulations outside of the United States because reported recovery factors for gas accumulations outside of the United States varied widely and because only two U.S. gas accumulations were assessed using individual accumulation analysis. Table 2 lists estimated volumes of technically recoverable, conventional oil and gas resources from reserve growth for large accumulations outside the United States. The estimated mean volumes of oil and gas are about 665 BBO of crude oil; 1,429 TCFG of natural gas [1,043 TCFG of associated and dissolved natural gas and 386 TCFG of nonassociated natural gas]; and 16 billion barrels of natural gas liquids (Klett and others, 2012) .
Assessment Results for Discovered Accumulations Outside of the United States
[BBOE, billion barrels of oil equivalent, BBO, billion barrels of oil; TCFG, trillion cubic feet of gas; BBNGL, billion barrels of natural gas liquids. For gas fields, all liquids are included under the natural gas liquids (NGL) category. Accum, accumulation. F95 denotes a 95-percent chance of at least the amount tabulated. Other fractiles are defined similary. Negative values indicated the possibility that reported reserves could decrease. Fractiles are not additive except under the assumption of perfect positive correlation. [-1 BBO of natural gas liquids in oil accumulations and 17 BBO of total liquids in nonassociated gas accumulations] (Klett and others, 2012) . Negative values indicate the possibility that the size of reported reserves could decrease rather than increase. The estimated amount of reserve growth is compared with volumes of cumulative production, remaining reserves, and undiscovered resources as shown on pie charts in figure 5 .
Assuming that the amount of reserve growth is approximately proportional to original in-place volumes, this study estimated that about 80 percent of the potential reserve growth of the world outside the United States was accounted by this assessment; the other 20 percent was estimated to occur in accumulations with smaller in-place volumes (less than 500 MMBOE). Crude Oil -3,300 BBO Natural Gas -16,500 TCFG
Future Research Directions
Estimates of reserve growth of conventional oil and gas accumulations around the world can become more accurate as large, significant non-U.S. accumulations are individually analyzed. Assessments of non-U.S. accumulations by individual analyses outside of the United States have not yet been performed. An analysis of individual accumulations would increase the accuracy of reserve-growth estimates and reduce the uncertainty of the estimated volumes of conventional oil and gas accumulations both within and outside of the United States. Analysis of individual accumulations provides greater knowledge of the drivers of reserve growth. Furthermore, additional analyses and results can be compared to the recently released estimates of reserve growth outside of the United States in order to test the accuracy of the new reserve-growth methodology.
Additional research is required to calculate original inplace gas volumes and recovery efficiencies, in the absence of reported values, in order to provide better estimates of reserve growth in conventional gas accumulations. Reserve growth of gas accumulations was analyzed, but paucity of in-place gas volumes prevented individual analysis of many gas accumulations that significantly contributed to reserve growth. Our study found that much of the reserve growth in gas accumulations of the United States can be attributed to the addition of unconventional gas reservoirs in recent years. Conventional gas accumulations undergo some reserve growth, but growth is less significant than the reserve growth in oil accumulations or from unconventional reservoirs being developed along with previously discovered conventional gas reservoirs.
Summary
This 2012 study estimated reserve growth in large oil and gas accumulations having in-place volumes of 500 MMBOE and greater. These accumulations are the largest contributors to reserve growth. Results of this study provide estimates of reserve growth for accumulations outside of the United States, accounting for much of the reserve growth worldwide. Results were reported along with the largest meaningful uncertainty. Individual analyses of geologic properties (for example, reservoir heterogeneity) and recovery factors of large U.S. accumulations provided analogs that allowed for more accurate estimates of these variables and their ranges for oil and gas accumulations outside of the United States. 
Discussion and Recommendations
Key Steps 1 and 2; Data Source and Description of Methods; The sub-committee endorses the Team's use of NRG and IHS field data as the most complete available for historical growth. We think these data sets, in particular NRG in the U.S., will allow the development of the most detailed historical field growth functions by year and total field life to date. These are the data that most of the industry uses to study the growth of field reserves. With the NRG U.S. growth factors as a guide, the Team will use the IHS international reserve data, which grows more complete each year, for World Assessments.
The recent (2008) publication of Chapter I, USGS Bulletin 2172, together with the presentations to be given at this year's convention, and at planned biennial Workshops show that the process of developing reserve growth functions are constantly being refined. The methods are clearly described by the Team in these public presentations.
Key Steps 2, 4, and 6; Evaluation, Forecast, and Time Series; The sub-committee endorses the use of both the Lp Norm (ex-Monotone) and Modified Arrington Methods for the statistical development of the field growth functions for future assessments. These methods are based on construction of a discovery table by either discovery year or year since first production, and using the data bases to identify the field reserve increases through time. Both methods use this table to calculate an annual growth factor and a cumulative growth factor. The Modified Arrington method was used to develop functions in past U.S. and World assessments.
Additionally, the Team continues to refine the results of the forecast methodology by evaluating the geologic factors affecting reserve growth. In Bulletin 2172-I, they selected 10 U.S. formations to investigate the variation of reserve growth function in siliciclastic and carbonate reservoirs. The functions for these gross categories also were studied by introducing depositional setting, source rock, and post-depositional alteration. Further studies of this nature can only help bring more geologic insight to what has been mainly a statistical prediction.
The development of the growth functions should continue to use the most recent NRG data in the U.S. Some of the abandoned fields' growth functions while inactive are being used as calibration of the predictions. The Team will remove "continuous plays" in analyzing the growth of field reserves. These continuous accumulations will be treated separately. It is worth noting that the USGS has requested the CORE to review separately their continuous assessment methodology. That work is just commencing.
Key
Step 3, Drivers; The sub-committee recommends the studies continue to identify the important drivers of growth. These drivers may be geologic, technologic, economic, or sociopolitical. Once the drivers have been identified, we suggested that the Team look at utilizing graphic presentation "tornado charts" to analyze the drivers and show their relative importance.
Key
Step 5 Multiple Methods; The subcommittee endorses the use of statistical and field study methods on the big oil field "outliers". The analysis is based on studies of the large mature oil fields in the San Joaquin Basin. The method consists of an extensive field study that treats large fields as an assessment unit. In most mature petroleum provinces, the large or giant fields have the most volumetrically significant reserve growth. The reserve growth of several large fields will dominate the growth potential for the area or province. The field analysis involves acquiring the geologic characteristics of the field, information on the total resource in-place (OOIP), estimating how much of the oil will be recovered by all means, and comparing to known recoverable oil. The goal is to predict a range of increases in reserves based on the geology and future development technology. The production history plots are an excellent graphic to demonstrate field growth and relate cumulative production to OOIP. The cumulative plots could be extended for a forecast period by plotting the estimated growth calculated by the various methods. Like the estimates of OOIP, it would be a simple matter to place future time events on the graphic that might influence the shape of the extended creaming curve.
Summary
The sub-committee endorses the Energy Resources Science Center use of the statistical methods of the Lp Norm and Modified Arrington to develop field growth functions based on NRG Associates field data in future National and World Resource Assessments. Further, we endorse the continued refinement of the methods by the ongoing investigation of the effects of formation, reservoir type, and other factors at the reservoir level. Also, we support the use of field studies of the "big oil fields" to develop growth functions based on estimates of OOIP.
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